The synergistic toughening effect of building blocks and interface interaction exists in natural materials, such as nacre. Herein, inspired by one-dimensional (1D) nanofibrillar chitin and twodimensional (2D) calcium carbonate platelets of natural nacre, we have fabricated integrated strong and tough ternary bio-inspired nanocomposites (artificial nacre) successfully via the synergistic effect of 2D reduced graphene oxide (rGO) nanosheets and 1D double-walled carbon nanotubes (DWNTs) and hydrogen bonding cross-linking with polyvinyl alcohol (PVA) matrix. Moreover, the crack mechanics model with crack deflection by 2D rGO nanosheets and crack bridging by 1D DWNTs and PVA chains induces resultant artificial nacre exhibiting excellent fatigue-resistance performance. These outstanding characteristics enable the ternary bioinspired nanocomposites have many promising potential applications, for instance, aerospace, flexible electronics devices and so forth. This synergistic toughening strategy also provides an effective way to assemble robust graphene-based nanocomposites.
Natural nacre, consisting of one-dimensional (1D) nanofibrillar chitin and two-dimensional (2D) calcium carbonate platelets simultaneously [1] , possesses favorable mechanical properties with integrated strength and toughness, which are attributed to the synergy of rational interface and admirable hierarchical micro/nanoscale layered structure [1, 2] . In recent years, scientists have utilized this mechanism of structural design to assemble biomimetic composites with interface bonding force and inorganic fillers [3] . The interfaces are designed via various cross-links [4] , including hydrogen bonding of graphene oxide (GO)-poly(methyl methacrylate) PMMA [5] and reduced GO (rGO)-silk fibroin (SF) [6] films, ionic cross-linking of GO-Ca 2+ [7] and GO-Mg 2+ [7] papers, covalent cross-linked GO-Borate [8] , rGO-polydopamine (PDA) [9] and PDA-capped GOpolyetherimide (PEI) [10] composites and π-π conjugated nanocomposite cross-linked by poly (acrylic acid-co-(4-acrylamidophenyl) boronic acid) (PAPB) [11] . Moreover, different inorganic additives with outstanding characteristics are used as building blocks [2, 12] , for example, montmorillonite (MMT) [13] , alumina flakes [14] , disulphides [12] , double hydroxide platelets [15] , carbon-based materials [3, 16] and other additives. Kakisawa's group fabricated nacre-like composites through a new hybrid metallurgical technique hot-press assisted slip casting with alumina flakes as building blocks [17] . Based on molybdenum disulfide (MoS 2 ) nanosheets, Liu et al [18] prepared the layered polymeric nanocomposites by coordinating with bivalent copper ions, tremendously improving the mechanical properties of the MoS 2 paper. Carbon-based building blocks, for instance, GO [19] , carbon nanotubes (CNT) [16, 20] and graphdiyne [16] , have attracted great attention for promising device applications [19, 20] , which is attributed to their extraordinary performance, especially mechanical and electrical features [16, 19, 20] . GO, a typical 2D inorganic filler [21] , was applied to fabricate rGO-polyvinyl alcohol (PVA) composite film with ultrahigh mechanical properties (the tensile strength reaches to 188.9 MPa, while the toughness is 2.52 MJ m −3 ), high electrical conductivity (5265 s m −1 ) and excellent biocompatibility [22] .
On the other hand, the synergistic effect of building blocks plays a very important role in enhancing the properties of biological nanocomposites [2, 3, 23] . In previous reports, Liao et al [24] and Liu et al [25] both mentioned the synergistic reinforcing effect from the combination of 2D GO and 1D CNT in GO-CNT-PVA [24] and (functionalized multi-walled CNT) fCNT-rGO-PVA composites [25] , which were filled with low building blocks content (only less than 1 wt%), showing relatively poor mechanical properties. The appropriate weight ratios of building blocks should be regulated to improve the mechanical properties. Our previous works, the synergistic toughening effect was demonstrated in bioinspired nanocomposites with relatively high mass fraction of fillers, for example, synergy of 2D building blocks for integrated strong and tough ternary rGOMoS 2 -thermoplastic polyurethanes (TPU) [26] with 90 wt% inorganic fillers and rGO-MMT-PVA [27] with both GO and MMT content of 90.6 wt%, the combination of 2D and 1D building blocks for high-performance artificial nacre of the nanofibrillar cellulose (NFC)-MMT-PVA [28] with 70 wt% additives and rGO-doublewalled carbon nanotubes (DWNTs)-10,12-pentacosadiyn-1-ol (PCDO) [29] with inorganic content of 98 wt%. Although some of remarkable mechanical properties, such as strength and toughness, have been achieved, however, it is still a great challenge to build integrated graphene-based nanocomposites by synergistic toughening effect of the building blocks.
Herein, inspired by natural nacre [2, 30] , we explore an efficient strategy for assembling high-performance artificial nacre through synergistic toughening effect of 2D rGO nanosheets and 1D DWNTs with matrix of PVA. The tensile strength and toughness of the resultant ternary bio-inspired nanocomposites are as high as 375.8 ± 9.3 MPa and 11.3 ± 0.01 MJ m −3 , which are 1.9 and 4.3 times higher than natural nacre (tensile strength of 200 MPa and toughness of 2.6 MJ m −3 [2] ), respectively. Moreover, this ternary bioinspired nanocomposites also exhibit superior fatigue-resistance property, which enable our new materials for use in many fields, for example, aerospace, flexible electronics device and other fields. Furthermore, this synergistic toughening strategy of building blocks along with interface interaction provides a new way to construct graphene-based bioinspired nanocomposites with superior mechanical performance. The GO nanosheets were prepared via modified Hummers' method. The tensile strength and toughness of assembled DWNTs films were 33.9 ± 2.6 MPa and 1.
, respectively, as shown in supplementary information in figure S1 . Four different weight ratios of GO to PVA (100:0, 70:30, 50:50, 30:70) were chosen to fabricate the binary GO-PVA nanocomposites by evaporation assembly approach. The tensile strength and toughness of binary GO-PVA nanocomposites reached maximum values when the weight ratio of GO to PVA was 50:50, as shown in figure S2 . Thus, the ternary GO-DWNTs-PVA nanocomposites were fabricated based on binary GO-PVA (50:50) nanocomposites in the following experiments.
The fabrication process of the ternary bio-inspired nanocomposites was shown in figure 1(a), which is similar to our previous reports [28, 29] . In this process, four kinds of ternary GO-DWNTs-PVA artificial nacre were obtained, including GO-DWNTs-PVA-I (GO:DWNTs = 400:2), GO-DWNTs-PVA-II (GO: DWNTs = 400:4), GO-DWNTs-PVA-III (GO:DWNTs = 400:5) and GO-DWNTs-PVA-IV (GO: DWNTs = 400:11), respectively. Finally, the final ternary bioinspired rGO-DWNTs-PVA nanocomposites (figure 1(b)) were achieved after chemical reduction by 57 wt% hydroiodic acid (HI), and the corresponding digital photographs was shown in figure 1(b) . The cross-section fracture morphologies with different magnification were shown in figure 1(c). Transmission electron microscope of the rGO-DWNTs-PVA-II was a direct evidence to illustrate that DWNTs uniformly disperse between rGO layers, as shown in figure S3 . Moreover, the corresponding DWNTs-PVA-I (2:400), DWNTs-PVA-II (4:400), DWNTs-PVA-III (5:400) and DWNTs-PVA-IV (11:400) nanocomposites were also prepared.
The results of x-ray diffraction exhibit the interlayer distance of pure GO film, binary GO-PVA (50:50), ternary GO-DWNTs-PVA-II nanocomposites and the corresponding films after chemical reduction, which is shown in figure S4 . The corresponding data are summarized in table S1. It is clearly that the peak position changes with the successive intercalation of PVA and DWNTs, especially after chemical reduction by HI. The interlayer distance (d-spacing) increases from 3.70 Å (2θ = 20.06) for the pure rGO film to 4.33 Å (2θ = 20.48) for the binary rGO-PVA nanocomposites (the GO content is about 50%), and continually increasing to 4.38 Å (2θ = 20.28) for the ternary rGO-DWNTs-PVA-II artificial nacre. The above evidence indicates that both the polymer chains and 1D building block are inserted into the GO nanosheets successfully.
The typical tensile stress-strain curves of pure GO film (Curve 1), rGO film (Curve 2), binary GO-PVA (Curve 3) nanocomposites, binary rGO-PVA nanocomposites (Curve 4), ternary GO-DWNTs-PVA-II (Curve 5) and rGO-DWNTs-PVA-II (Curve 6) nanocomposites are compared in figure 2(a) . The tensile strength of pure GO film reaches to 87.5 ± 10.3 MPa, while the toughness is 0.3 ± 0.02 MJ m , respectively. After incorporating with an equal amount of PVA, the optimal tensile strength and toughness of binary GO-PVA nanocomposites are 240.4 ± 30.8 MPa and 2.0 ± 0.5 MJ m −3 , respectively, which is higher than natural nacre [2] , as shown in figure S2 . After chemical reduction with HI, most of oxygen-containing functional groups were eliminated [31] . Meanwhile, the laminated structure of rGO-PVA nanocomposites would be further densified, reducing interlayer distance. Thus, the tensile strength of rGO-PVA nanocomposites increases to 291.4 ± 4.6 MPa, while the toughness reaches 5.9 ± 0.4 MJ m , respectively, obviously superior to binary GO-PVA nanocomposites. The tensile strength of corresponding ternary rGO-DWNTs-PVA-II bioinspired nanocomposites dramatically improves to 375.8 ± 9.3 MPa, while the toughness is as high as 11.3 ± 0.01 MJ m The results show that the rGO-DWNTs-PVA-II nanocomposites achieve the maximum tensile strength of 384.2 MPa when DWNTs content is about 0.5 wt%, while the rGO-DWNTs-PVA-III nanocomposites achieve the maximum toughness of 19.3 MJ m −3 at 0.6 wt% DWNTs, which is far higher than other graphene-based nanocomposites. All of the details of microstructures and mechanical properties are listed in figure S6 and table S3 in supporting information. A small amount of DWNTs forms maximization of synergistic toughening effect together with rGO nanosheets, playing a very important role in improving the mechanical properties of ternary rGODWNTs-PVA nanocomposites. In addition, the mechanical properties of pure DWNTs film and four binary DWNTs-PVA nanocomposites with different DWNTs contents are listed in table S2. The front view fracture morphologies of binary rGO-PVA and ternary bioinspired rGO-DWNTs-PVA-II nanocomposites are shown in figures 2(d) and (e). The results clearly show that the rGO-PVA nanocomposites exhibit a brittle fractured morphology after broken of hydrogen bonds, however, the curled rGO nanosheets and disorderly fracture morphology of the rGO-DWNTs-PVA-II nanocomposites reveal that the DWNTs and PVA chains are dragged out along the pulling direction, forming a large plastic deformation. A possible fracture mechanism for explaining synergistic toughening effect of 1D DWNTs and 2D rGO nanosheets is proposed in figure 2(f) . In the early loading, adjacent rGO nanosheets start to slip, and then are bridged by the DWNTs and PVA molecular chains, preventing the further sliding between adjacent rGO nanosheets. Continue to stretching, the coiled DWNTs and PVA chains, among the rGO nanosheets, are stretched along the drawing direction, dissipating much more energy. The hydrogen bonds between the PVA chains and rGO nanosheets are broken gradually. Further increasing the loading, the DWNTs are frictionally pulled out after the broken of π-conjugated interaction between rGO and DWNTs, which produces large plastic deformation. The external stress induces the ductile fracture morphology of the edge of the rGO nanosheets in the ternary rGO-DWNTs-PVA nanocomposites. The essence of synergistic toughening effect is to maximize the enhancement of 1D DWNTs and 2D rGO nanosheets in the fracture procedure, as shown in figure 2(f) .
Owing to the synergistic toughening effect of 2D rGO nanosheets and 1D DWNTs with hydrogen bond cross-linking of PVA chains, the final ternary artificial nacre possesses integrated tensile strength and tough, superior to other various layered nanocomposites and natural nacre [2] (figure 3), including the ternary nanocomposites fabricated via synergistic effect from building blocks, such as MMT-NFC-PVA [28] , rGO-MMT-PVA [27] , rGO-MoS 2 -TPU [26] , rGO-DWNTs-PCDO [29] , GO-CNT-PVA [24] and fCNT-rGO-PVA [25] . Meanwhile, the resultant ternary rGO-DWNTs-PVA-II nanocomposites also show higher mechanical properties than other graphene-based nanocomposites with cross-linked of divalent ions (Ca 2+ [7] , Mg 2+ [7] and Cu 2+ [32] ), hydrogen bonding (GO-PMMA [5] , rGO-PVA [22] , GO-SF [33] and rGO-SF [6]), covalent cross-linking nanocomposites modified by glutaraldehyde (GA) [34] , polyallylamine (PAA) [35] , Borate [8] , PEI [10] , PCDO [36] and poly(dopamine) (PDA) [9] , π-π conjugated interaction (rGO-PAPB) [11] and synergistic interfacial interactions (Borate-GO-PVA [37] , GO-Fe 3+ -tannic acid (TA) [38] and GO-polyimide (PI)-Mg
2+
[39]), respectively. The details of mechanical properties for natural nacre, other graphene-based layered nanocomposites and our ternary artificial nacre are summarized in table S4. The synergy, resulting from 2D rGO nanosheets and 1D DWNTs with assistance of PVA matrix, also induces artificial nacre possessing excellent fatigue resistance performance. The correlation parameters are set in accordance with previous works [29] . The curves of maximum tensile stress (S) versus number of cycles to failure (N) for pure GO film, rGO film, the binary rGO-PVA and ternary rGO-DWNTs-PVA-II nanocomposites are shown in figure 4 and the details of corresponding stress-strain curves are shown in figure S5 . For the ternary rGO-DWNTs-PVA-II nanocomposites, the crack deflection of 2D rGO nanosheets could inhibit the crack propagation and increase the fracture superficial area during crack propagation, while the crack bridging and a frictional pull-out of 1D DWNTs [40] also suppress crack propagation, as a consequence, the mechanical interlocking and adhesion between the building blocks and the PVA matrix are improved [41] . The crack mechanics model reduces the fatigue crack propagation rate and simultaneously increases more energy dissipation [42] , resulting in higher tensile strength and toughness for our ternary artificial nacre [42, 43] , and thus dramatically increasing fatigue life. In comparison with conventional binary rGO-PVA nanocomposites and other graphene-based artificial nacre [27] [28] [29] , this kind of ternary bioinspired nanocomposite shows outstanding fatigue resistance performance. After millions of cycles of fatigue testing, the binary rGO-PVA nanocomposites ( figure 4(b) ) and ternary rGO-DWNTs-PVA-II nanocomposites ( figure 4(c) ) show much orderly fracture morphologies than that of static mechanical testing and the DWNTs are curled much more, further confirming the synergistic toughening effect of the two building blocks. This work indicates that the potential of significantly extend the fatigue life for bioinspired materials could be widely used in engineering device systems [43] .
With the purpose of quantifying the synergy effect for continuously improving the mechanical properties in ternary rGO-DWNTs-PVA nanocomposites, Prasad [44] proposed the synergy percentage (S), which is where σ hyb , σ GO-PVA and σ DWNTs-PVA represent the tensile strength of ternary GO-DWNTs-PVA nanocomposites, binary GO-PVA and DWNTs-PVA nanocomposites, respectively. The corresponding synergy percentages in tensile strength for ternary GO-DWNTs-PVA and rGO-DWNTs-PVA nanocomposites of different duilding blocks contents are summarized in table S3. It is obvious that the ternary GO-DWNTs-PVA-II and rGODWNTs-PVA-II nanocomposites have higher synergy percentage than other nanocomposites. The results indicate that the ternary artificial nacre with optimum mechanical properties possesses the maximum synergy percentage, showing favorable synergistic toughening effect of building blocks. In summary, inspired by natural nacre, we successfully fabricated the ternary rGO-DWNTs-PVA bioinspired nanocomposites with integrated tensile strength and toughness througth the synergistic toughening of 2D rGO nanosheets and 1D DWNTs. With assistance of PVA molecules, the ternary artificial nacre also shows excellent fatigue performance. This unique ternary artificial nacre could have great promising potential applications in aerospace, flexible electronics devices and other fields. This bioinspired strategy also provides a promising avenue for preparing robust bioinspired graphene-based composites with integration of strong and tough properties in the future.
